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Abstract
The interaction of energetic ions with matter is
responsible for many of the processes by which the ele-
ments were synthesized, energy is generated in stars,
interstellar grains are destroyed, and molecules are
created in space. All of these processes are amenable
to simulation in the laboratory using accelerated ion
beams, which allows us a more comprehensive understand-
ing of Nature than we could obtain by observation
alone. In addition, ion beam techniques are extremely
useful in the determination of the elemental and iso-
topic abundances that arise from astrophysical nuclear
synthesis.
Introduction
To the best of our knowledge most of the chemical
elements were created in the big bangl or in the in-
teriors of stars.2 The nuclear reactions that cause
this synthesis also provide the energy that drives most
stellar processes, and the accumulated reaction pro-
ducts and the depletion of nuclear fuel species deter-
mine the timetable for stellar evolution. The interac-
tion of energetic ions coming from stars (stellar wind,
flare particles, and shock waves from explosions) in-
teract with matter in the interstellar medium to pro-
duce other elements, to cause the modification or de-
struction of grains by sputtering, and to generate the
hot collisional or implantation chemistry that may be
responsible for the creation of simple and complex
molecules in space.
We can simulate virtually all of these processes
that occur through the interaction of accelerated ions
with matter. This simulation provides one of the
three sources of information that are essential to ob-
taining a more complete understanding of Nature. The
other two sources upon which we depend are direct ob-
servation of astrophysical processes and theoretical
models of the astrophysical environment that allow
laboratory measurements to be extrapolated to the ap-
propriate conditions. Through the interaction of these
three intellectual activities we have made considerable
progress; further improvements through laboratory simu-
lation seem particularly promising at the present time.
Synthesis of the Elements
Although the short duration of the big bang pre-
cluded the complete production of the heavier elements,
the temperatures and densities reached led to the cre-
ation of the hydrogen and helium isotopes.1 The ag-
glomeration of these seed materials into stars produced
the sites for further element building. As a cloud of
hydrogen and helium collapses, the increasing density
and temperature allow the hydrogen burning cycles to
occur. The proton-proton chain in smaller or i, first
generation stars starts with protons and makes 4He
through a series of P+ decays, radiative capture reac-
tions, and charged particle exothermic reactions.3 In
larger, later generation stars protons are converted
to 4He using carbon, nitrogen, and oxygen as nuclear
catalysts (CNO cycle). While these reaction cycles
are occurring the star stays in hydrostatic equilibrium
on the main sequence of the Hertzsprung-Russell diagram.
The details of these hydrogen burning reactions have
been studied carefully in the laboratory, and although
there are4difficulties (e.g., the paucity of solar
neutrinos ), there are few open questions.3
When the hydrogen is exhausted in the core of a
star, the gravitational contraction resumes until 4He
can be burned by nuclear reactions. The time scale is
shortened by the high temperature and pressure at
which the helium is consumed by alpha particle radia-
tive capture reactions. The laboratory measurements
for this stellar regime are fairly complete,3 but the
next stages of stellar evolution are less well defined.
This is a consequence of the rapidly increasing tem-
perature and density in the evolving star, which makes
an enormous number of reactions possible. For the in-
itial stages the nuclear reactions can be studied in
the laboratory, but further evolution causes a further
shortening of the time scale so that nuclear excited
states and radioactive nuclei can take part in nuclear
reactions.5 Thus, one makes use of theoretical models
to bridge the gaps between reactions that are conveni-
ent for simulation.6 It is now clear that the next
frontier for laboratory experiments are the reactions
involving sho t lived beams or tprgets like13N y)4o, 1pO(a,y)l9Ne, and 140(a,p)l7F (ref. 7).
At some point during this stage of rapid evolu-
tion the nuclear burning can become explosive, leading
to a supernova. Much of the current effort in theory
is involved in trying to determine more accurately the
conditions under which this occurs and what remnant is
left after the explosion - white dwarf, neutron star,
or black hole.8 The explosion expels into space the
nuclear products of the star's evolution, where they
become the material out of which younger stars form.
Thus, the "universal" elemental abundances we observe
are the result of considerable previous processing.
In addition to the reactions that take place in-
side stars, some of the elements seem to have been
made by the interaction of high energy particles (like
cosmic rays) with matter in the interstellar medium.
Such reactions are thought to be responsible for the
synthesis of 6Li, 9Be, and IO1%IB, which are too
easily destroyed by (p,c) reactions in stars to have
been created there.9
It is sufficiently well known how nuclear reac-
tion measurements in the laboratory can be extrapo-
lated to energies appropriate to stellar environ-
ments10 that I shall not discuss it here - preferring
to concentrate on liewer areas of simulation.
Elemental Abundances
Much of our knowledge of elemental abundances
comes from the observations of lines in stellar spectra
corresponding to atomic transitions. Until recently
the absolute strengths of these transitions could not
be determined reliably with standard spectroscopic
techniques. An elegant solution was provided by the
use of beam-foil techniques to measure the lifetimes
of the atomic states, the inverses of which give the
required transition strengths. Tn these measurements
an accelerated beam of ions of an element is passed
through a thin foil; the lifetimes of the resulting
population of excited atoms and ions are determined
from the distance they travel before decaying.11
Although many elemental abundances have been de-
termined by mass spectroscopy of meteoritic samples,
several cases have been done best by nuclear reaction
techniques. For example, Goldberg et al., used the
19F(p,cq)160 reaction at the 872 keV resonance to de-
termine the fluorine concentration in a number of
homogenized samples from carbonaceous chondritic
meteorites.12 Meteorites of this type are thought to
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Table 1
Fluorine concentrations for homogenized samples from carbonaceous chondritic
meteorites obtained with the 19F(p,acy)160 reaction at the 872 keV resonance.
These data were taken from ref. 12 and have a typical precision of ±8%.
Meteorite Type Fluorine Fluorine
Concentration Concentration
(ppm) (F atoms/106 Si atoms)
Ivuna Cl 70 981
Orgueil Cl 74 1037
Murchison C2 65 739
Mighei C2 66 751
Essebi C2 80 910
Haripura C2 59 671
Allende C3 59 559
be condensates from the cooling solar nebula that have
undergone little subsequent modification; thus, they
are expected to represent accurately the abundances of
non-volatile elements at the time of solar system for-
mation. The data shown in table 1 give fluorine con-
centrations for three classes of carbonaceous chon-
drites; classes Cl through C3 are thought to involve
increasing amounts of post-condensation geological
processing.
The measurement of isotopic ratios can place
stringent constraints on the synthesis mechanisms in-
voked by astrophysical theories. Usually, only the
mass spectroscopists can provide adequate precision,
but for the very light elements thermal fractionation
in the ion source of the spectrometer can cause serious
inaccuracies. The lithium isotopes are an excellent
example ,here a nuclear technique employing the
6Li(d,ce)'He and 7Li(d,cJ)5He reactions was used success-
fully. 13 The lithium was extracted from the material
by conventional cation exchange techniques, and the
targets were prepared on metal backings from the re-
sulting LiC104. An alpha particle energy spectrum is
shown in figure 1 for the lithium extracted from a
terrestrial rock. The lithium isotopic ratios for
several meteorites are given in table 2. These ratios
are very close to those observed in terrestrial
samples.
Table 2
Lithium isotopic composition in some stone meteorites.
These data from ref. 13 were obtained with the
6,7Li(d,a) reactions at a deuteron bombarding energy of
1.37 MeV.
Meteorite Type 7Li/ Li
Holbrook Ik-chondrite 11.94 ± .08
Weston H4-chondrite 12.06 ± .07
Allende C3-chondrite 11.98 + .12
Murray C2-chondrite 12.08 ± .12
Kapoeta howardite 12.10 ± .07
Malvern howardite 12.08 ± .06
Sputtering of Planetary Materials
The impact of a low energy ion on a material can
result in a billiard ball collision cascade of atoms
in the material that often leads to the ejection of
atoms from the surface. This process is called sput-
tering and it occurs in many places in the solar
system where there is a high flux of solar wind ions
or ions trapped in a planetary magnetosphere.
Recently there has been special interest in the
interaction of ions in Saturn's magnetosphere with the
E, (MeV) 10
Figure 1. The charged particle spectrum from a LiC104
target (extracted from a terrestrial rock) under bom-
bardment by a 1.37 MeV deuteron beam. The nitrogen
reaction comes from a contaminant; the proton and alpha
particles have different energy scales because of a
mylar foil in front of the surface barrier detector. 1
surfaces of the small H20 ice covered moons and ring
particles. The ejected material from such sputtering
is probably responsible for the toroidal clouds of
hydrogen and oxygen that are observed in orbit around
Saturn. In order to calculate such effects quantita-
tively, measurements of the sputtering yields are neces-
sary. The data of Brown et al., shown in figure 2 for
the sputtering yield (per incident ion) for frozen H20
were obtained by freezing water vapor onto a 10°K sub-
strate.14 The thickness of the target was measured by
Rutherford backscattering before and after the sputter-
ing bombardment. Similar data have been obtained for
the frozen S02 that is on the surface of Jupiter's moon
Io. 15
Sputtering can also produce changes in isotopic
ratios that might mimic those from nuclear reactions.
Recently a number of anomalous isotopic distributions
have been observed in some of the oldest meteorites.16
Some of these anomalous patterns are due to short lived
radioactive parents that decayed after incorporation
into the meteorite. There have been attempts to ex-
plain these observations in terms of material produced
in a supernova that was injected into the condensing
solar system. Many of the isotopic anomalies, however,
show no clear pattern that can be definitely traced to
17 1
this origin.16
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Figure 2. The sputtering yields of H20 molecules per
incident ion for bombardment of a 100K H20 target by
protons and alpha particles. The smooth curves are in-
tended only to guide the eye; the curves labeled "cas-
cade" are calculations of that part of the sputtering
due to the nuclear component of the ion's stopping
power. 14
It has been demonstrated in simulation experiments
that calcium sputtered from mineral targets showed iso-
topic fractionation.17 These data can be explained by
a theoretical model that also predicts how meteoritic
materials would be affected.18,19 The patterns calcu-
lated for melilite (Ca2MgSi207) are shown in figure 3.
The fractionation (6) and the deviation (t) of a linear
extrapolation from the lightest isotopes are presented.
The anomalies (deviations from linear fractionation)
are comparable to those typically observed in meteor-
ites for Si, somewhat smaller than those observed for
0 and Mg, and much smaller than the Ca observations.
Sputtering of grains would certainly have occurred
in the evolving solar nebula, and it is even more like-
ly that shock waves from a supernova would have sput-
tered grains in the interstellar medium. It is, there-
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Figure 3. The lower panels (a), (b), (c), and (d)
show the fractionation (6) for 0, Ca, Si, and Mg, re-
spectively, for melilite (Ca2MgSi207). The upper
panels in each case show the deviations of the frac-
tionation from linearity. These results from ref. 19
are given in parts per thousand (0/00).
fore, especially important to make careful laboratory
measurements of isotopic fractionation from sputtering
in order to understand the conditions under which such
effects can arise and to be able to separate them from
the effects of nuclear reactions.
Synthesis of Molecules
The synthesis of many molecules observed in inter-
stellar space cannot have been the result of binary
collisions. Thus, one requires sites where atoms can
be collected in order that they have a finite probabil-
ity for interaction and subsequent combination. The
small grains that are observed in space from the ex-
tinction of starlight provide just such sites. As
discussed in the previous section, if such grains are
exposed to stellar winds, then atoms like hydrogen and
carbon are constantly striking their surfaces.
In recent simulation studies Bibring et al., have
shown that after implantation of carbon and hydrogen
ions into SiO2, molecular bands for CO, C02, and hydro-
carbon 0were observed in situ by infrared spectro-
scopy. The concentrations of molecular products de-
pend on the fluences of the bombarding particles; the
molecular bands observed have characteristics that are
sufficiently different that they can be distinguished
from the corresponding gaseous species.
Figure 4. A portion of the IR spectrum of silicate
grains from ref. 20. (a) corresponds to unirradiated
SiO2 grains; the double band is from atmospheric C02.
(b) corresponds to SiO2 grains irradiated with carbon
ions. The single band on the right (superimposed on
the double band from atmospheric C02) is from synthe-
sized C02. (c) corresponds to grains from lunar soil
10084 that were irradiated by the solar wind on the
lunar surface. Note the similarity of (c) to (b),
which indicates the synthesis of C02 by the solar wind.
Figure 4 shows the 2400-2300 cm region of the IR
spectrum of silicate grains: (a) is for unirradiated
SiO2 grains; (b) is for SiO2 grains irradiated with
12C ions. The single band of synthesized C02 appears
as a deep dip on the right side of the double band
structure from atmospheric C02; (c) is from lunar soil
grains (sample 10084 from Apollo 11). The similarity
of (c) to (b) shows that C02 has been synthesized in
these grains by the implantation of solar wind ions.
It is clear that these results represent the very
beginning of a particularly exciting field of accelera-
tor based laboratory simulation. Obviously, one would
very much like to extend these experiments to see
whether more complicated molecules can be made in the
same way.
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Conclus ions
I have tried to list in this talk a number of
phenomena that involve accelerated ions, which include
the creation of the elements and the synthesis of or-
ganic molecules in space. From these examples it is
clear that we have an incredibly rich field for ex-
ploitation by laboratory simulation experiments. For
the most part, the experimental facilities are extreme-
ly modest and the experiments are easily feasible for
both undergraduate and graduate student projects. But
the most important characteristic of this work is the
intellectual excitement that comes from duplication in
the laboratory those processes that have driven cosmic
evolution.
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